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Nanoporous  alumina  membranes,  also  known  as  anodized  aluminum  oxide  membranes,  are  being  inves¬ 
tigated  for  use  in  treatment  of  burn  injuries  and  other  skin  wounds.  In  this  study,  atomic  layer  deposition 
was  used  for  coating  the  surfaces  of  nanoporous  alumina  membranes  with  zinc  oxide.  Agar  diffusion 
assays  were  used  to  show  activity  of  zinc  oxide-coated  nanoporous  alumina  membranes  against  sev¬ 
eral  bacteria  found  on  the  skin  surface,  including  Bacillus  subtilis,  Escherichia  coli,  Staphylococcus  aureus, 
and  Staphylococcus  epidermidis.  On  the  other  hand,  zinc  oxide-coated  nanoporous  alumina  membranes 
did  not  show  activity  against  Pseudomonas  aeruginosa,  Enterococcus  faecalis,  and  Candida  albicans.  These 
results  suggest  that  zinc  oxide-coated  nanoporous  alumina  membranes  have  activity  against  some  Gram¬ 
positive  and  Gram-negative  bacteria  that  are  associated  with  skin  colonization  and  skin  infection. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Several  researchers  have  recently  investigated  the  use  of  nanos- 
tructured  membranes  for  enhanced  treatment  of  wounds  [1-3]. 
For  example,  Wang  et  al.  described  the  use  of  a  nanostructured 
membrane  containing  N-isopropylacrylamide,  methyl  methacry¬ 
late,  and  2-hydroxyethyl  methacrylate  for  wound  dressings  and 
cell  grafting  materials  [2].  No  cytotoxicity  was  noted  during  in  vitro 
studies;  growth  of  cells,  including  L929  murine  neoplastic  fibrob¬ 
lasts,  and  primary  human  dermal  fibroblasts,  on  these  materials 
was  demonstrated.  Ceramic  membranes  may  be  preferred  over 
polymeric  membranes  for  use  in  wound  treatment  applications  due 
to  better  reproducibility,  better  control  over  pore  dimensions,  an 
absence  of  toxic  organic  solvents,  and  an  absence  of  toxic  polymer 
degradation  byproducts  [3].  In  recent  work,  Parkinson  et  al.  exam¬ 
ined  the  use  of  custom-made  nanoporous  alumina  membranes, 
which  were  created  by  means  of  anodic  oxidation  of  aluminum 
in  an  oxalic  acid  electrolyte,  for  treatment  of  skin  wounds  and  burn 
injuries  [3].  They  noted  several  advantages  of  nanoporous  alumina 
membranes  for  wound  healing  applications,  particularly  the  highly 
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regular  structure,  biocompatibility,  low  production  cost,  repro¬ 
ducible  reproduction,  and  facile  reproduction  approach  for  these 
materials.  Using  in  vitro  studies,  keratinocytes  (HaCaT  cell  line)  and 
fibroblasts  (NIH-3T3)  were  shown  to  readily  adhere  to  nanoporous 
aluminum  oxide  membranes.  In  addition,  they  performed  an  in  vivo 
study  involving  application  of  a  nanoporous  alumina  membrane  to 
a  dorsal  flank  burn  injury  in  a  porcine  model;  the  nanoporous  alu¬ 
mina  membrane  adhered  to  the  skin  and  conformed  to  the  skin. 
Removal  of  the  membrane  from  the  injury  site  was  not  associ¬ 
ated  with  loss  of  epidermis  or  inhibition  of  wound  healing.  Naji 
and  Harmand  demonstrated  that  amorphous  alumina  exhibited 
cytocompatibility  using  in  vitro  assays  that  involved  human  differ¬ 
entiated  alveolar  bone  osteoblast  and  gingival  fibroblast  cultures 
[4]. 

Atomic  layer  deposition  may  be  used  to  deposit  antimicro¬ 
bial  zinc  oxide  coatings  on  the  surfaces  of  nanoporous  alumina 
membranes.  This  technique  involves  self-terminating  chemical 
reactions  between  gaseous  precursors  on  the  membrane  sur¬ 
face,  which  enable  layer-by-layer  growth  of  material  [5].  Purge 
steps,  which  involve  flushing  with  an  inert  gas,  are  performed 
between  gas-solid  reactions.  If  the  substrate  is  saturated  dur¬ 
ing  each  reaction,  then  conformal  coatings  may  be  deposited 
on  nanoporous  materials  [6].  Due  to  these  unique  capabilities, 
atomic  layer  deposition  has  previously  been  used  to  alter  pore 
dimensions  and  pore  surface  features  in  nanoporous  materi¬ 
als  [7-10].  For  example,  Moon  et  al.  deposited  aluminum  oxide 
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within  the  pores  of  nanoporous  alumina  membranes  by  means 
of  atomic  layer  deposition,  reducing  the  pore  diameter  from 
70  nm  to  below  40  nm  [11].  Fluorescence  microscopy  was  used 
to  demonstrate  selective  filtration  of  bacteriophage  phi29  virus 
nanoparticles  using  these  atomic  layer  deposition-modified  mem¬ 
branes;  empty  capsids  passed  through  40  nm  diameter  pores.  On 
the  other  hand,  most  of  the  DNA-containing  capsids  remained 
on  the  membrane  surfaces.  Velleman  et  al.  deposited  silica  coat¬ 
ings  on  commercially  obtained  nanoporous  alumina  membranes; 
they  subsequently  modified  these  silica-coated  membranes 
with  perfluorodecyldimethylchlorosilane  [12].  These  hydropho¬ 
bic  perfluorodecyldimethylchlorosilane/silica-coated  nanoporous 
alumina  membranes  demonstrated  enhanced  transport  of  a 
hydrophobic  agent,  tris(2,2/-bipyridyl)dichlororuthenium(II)  hex- 
ahydrate,  over  a  hydrophilic  agent,  Rose  Bengal. 

In  several  studies  over  the  past  two  decades,  zinc  oxide  has 
been  shown  to  possess  activity  against  a  broad  spectrum  of  Gram 
positive  and  Gram  negative  bacteria  [13,14].  For  example,  Atmaca 
et  al.  showed  that  zinc  exhibited  antibacterial  activity  against 
Pseudomonas  aeruginosa,  Staphylococcus  aureus,  and  Staphylococcus 
epidermidis;  their  work  indicated  that  zinc-microbial  membrane 
interactions  resulted  in  prolongation  of  the  growth  cycle  lag  phase 
[15]. 

Sawai  et  al.  attributed  the  antimicrobial  activity  of  zinc  oxide 
powder  slurry  to  the  release  of  hydrogen  peroxide;  results  from 
an  in  vitro  study  involving  Escherichia  coli  suggested  that  hydrogen 
peroxide  crosses  the  microbial  cell  membrane,  resulting  in  growth 
inhibition  or  death  [16].  In  subsequent  work,  Sawai  et  al.  showed 
efficacy  by  zinc  oxide  against  S.  aureus,  which  was  attributed  to 
strong  affinity  between  zinc  oxide  and  S.  aureus  cells  [17].  Zhang 
et  al.  showed  that  zinc  oxide  exhibits  bacteriostatic  activity  against 
E.  coli;  scanning  electron  microscopy  data  suggested  that  zinc 
oxide-bacteria  direct  interactions  may  cause  damage  and  break¬ 
down  of  bacterial  cell  membranes  [18].  Jones  et  al.  demonstrated 
activity  of  zinc  oxide  nanoparticles  against  several  microorganisms, 
including  Bacillus  subtilis,  Enterococcus  faecalis,  E.  coli,  methicillin- 
sensiti veS.  aureus,  methicillin-resistantS.  aureus,  S.  epidermidis,  and 
Streptococcus  pyogenes;  they  noted  that  zinc  oxide  is  toxic  at  high 
concentrations  but  is  not  expected  to  be  toxic  at  very  low  concen¬ 
trations  [14].  On  the  other  hand,  Xie  et  al.  showed  that  relatively 
low  concentrations  of  zinc  oxide  nanoparticles  provided  bacterici¬ 
dal  activity  against  Campylobacter  jejuni;  the  bactericidal  activity 
was  attributed  to  oxidative  stress  and  cell  membrane  disruption 
[19].  Reverse  transcription-quantitative  polymerase  chain  reaction 
studies  showed  increased  expression  of  two  oxidative  stress  genes 
and  a  general  stress  response  gene  in  zinc  oxide  nanoparticle- 
exposed  cells.  Fluang  et  al.  noted  damage  and  disorganization  of 
membranes  in  Streptococcus  agalactiae  and  S.  aureus  after  inter¬ 
action  with  zinc  oxide;  this  process  was  attributed  to  alterations 
in  membrane  permeability  [20].  Liu  et  al.  showed  that  zinc  oxide 
inhibited  growth  of  E.  coli  0157:FI7;  their  work  indicated  the  zinc 
oxide  distorted  and  damaged  the  cell  membrane,  which  led  to 
release  of  intracellular  material  and  cell  death  [21  ].  It  is  important 
to  note  that  zinc  oxide  exhibits  better  stability  as  well  as  a  bet¬ 
ter  safety  profile  than  conventional  antimicrobial  pharmacologic 
agents  [17]. 

Several  investigators,  including  Elam  et  al.  and  Grigoras  et  al., 
have  shown  that  uniform  zinc  oxide  coatings  may  be  grown  on 
nanoporous  alumina  membranes  using  atomic  layer  deposition 
[22,23].  For  example,  Sirvio  et  al.  demonstrated  conformal  growth 
of  zinc  oxide  coatings  on  commercially  obtained  nanoporous  alu¬ 
mina  membranes  (Anodise®)  [24].  More  recently,  Wang  et  al. 
deposited  zinc  oxide  on  the  surfaces  of  mesoporous  polystyrene-b- 
poly(2-vinylpyridine)  block  copolymer  nanorods;  these  nanorods 
were  formed  by  self-assembly  within  the  pores  of  nanoporous 
alumina  membranes  [25].  Zinc  oxide  films  with  low  thickness 


values  may  grown  by  means  of  atomic  layer  deposition,  min¬ 
imizing  concerns  associated  with  dose-dependent  toxicity.  For 
example,  we  previously  demonstrated  deposition  of  zinc  oxide 
coatings  on  20  nm  pore  size  and  lOOnm  pore  size  nanoporous 
alumina  membranes  by  means  of  atomic  layer  deposition  [7,8]. 
In  these  studies,  zinc  oxide-coated  nanoporous  alumina  mem¬ 
branes  were  associated  with  significantly  (p  <  0.05)  higher  viability 
of  human  epidermal  keratinocytes  than  uncoated  nanoporous  alu¬ 
mina  membranes.  In  addition,  the  antimicrobial  performance  of 
the  zinc  oxide-coated  nanoporous  alumina  membranes  against  two 
microorganisms  was  evaluated  using  agar  diffusion  assays.  In  these 
studies,  activity  of  zinc  oxide-coated  membranes  against  E.  coli  and 
S.  aureus  under  continuous  tungsten-halogen  light  exposure  and  in 
darkness  was  demonstrated. 

In  this  study,  the  surfaces  of  commercially  obtained  20  nm 
pore  size  nanoporous  alumina  membranes  and  lOOnm  pore  size 
nanoporous  alumina  membranes  were  coated  with  zinc  oxide 
using  atomic  layer  deposition.  The  antimicrobial  activity  of  these 
zinc  oxide-coated  nanoporous  alumina  membranes  was  evaluated 
using  several  microorganisms  found  on  the  surface  of  the  skin, 
including  B.  subtilis  [26]  (a  Gram-positive  bacterium),  Candida  albi¬ 
cans  [27]  (a  fungus),  E.  faecalis  [28]  (a  Gram-positive  bacterium), 
E.  coli  [29]  (a  Gram-negative  bacterium),  P.  aeruginosa  [30]  (a  Gram¬ 
negative  bacterium),  S.  aureus  [31]  (a  Gram-positive  bacterium), 
and  5.  epidermidis  [32]  (a  Gram-positive  bacterium).  In  addition, 
leaching  of  zinc  from  the  zinc  oxide-coated  nanoporous  alumina 
membranes  was  examined  using  inductively  coupled  plasma  mass 
spectrometry. 

Membranes  with  two  nanoscale  pore  sizes,  20  nm  pore  size 
nanoporous  alumina  membranes  and  1 00  nm  pore  size  nanoporous 
alumina  membranes,  were  obtained  from  a  commercial  source 
(Whatman,  Maidstone,  United  Kingdom);  these  membranes  exhib¬ 
ited  thicknesses  of  60  [xm  and  outside  diameters  of  13  mm.  The 
20  nm  pore  size  nanoporous  alumina  membranes  exhibited  pore 
diameters  of  200  nm  for  ~58  pan  of  the  thickness;  the  pore  diame¬ 
ters  tapered  to  20  nm  for  ~2  |xm  of  the  thickness.  The  100  nm  pore 
size  nanoporous  alumina  membranes  exhibited  pore  diameters  of 
200  nm  for  ~58  [xm  of  the  thickness;  the  pore  diameters  tapered  to 
1 00  nm  for  ~2  |xm  of  the  thickness. 

Prior  to  deposition  of  the  zinc  oxide  coating,  the  nanoporous 
alumina  membranes  were  cleaned  in  situ  using  flowing  ozone. 
Samples  were  exposed  for  5  min  to  an  ozone  partial  pressure  of 
~0.1  Torr;  ozone  was  obtained  from  ultra  high  purity  oxygen  (flow 
rate  =  400  seem).  Zinc  oxide  coatings  were  grown  using  alternat¬ 
ing  exposure  to  water  and  diethyl  zinc  (Sigma-Aldrich,  St.  Louis, 
MO)  at  a  deposition  temperature  of  200  °C.  A  precursor  exposure 
time  of  6  s,  a  purge  period  of  5  s,  and  a  precursor  partial  pressure  of 
~0.2Torr  were  utilized.  A  deposition  rate  ~1. 5  A/cycle  and  a  zinc 
oxide  coating  thickness  of  8  nm  were  obtained  from  ellipsometry 
on  Si  (1  0  0)  witness  samples,  which  were  coated  at  the  same  time 
as  the  nanoporous  alumina  membranes. 

Imaging  of  the  zinc  oxide-coated  nanoporous  alumina  mem¬ 
branes  was  performed  using  a  JEOL  6400  scanning  electron 
microscope  (JEOL,  Tokyo,  Japan)  with  a  field  emission  source;  this 
instrument  was  equipped  with  an  energy  dispersive  X-ray  spec¬ 
trometer  attachment.  Phase  structure  for  the  zinc  oxide-coated 
nanoporous  alumina  membranes  was  obtained  with  a  Smartlab  X- 
ray  diffraction  instrument  (Rigaku,  The  Woodlands,  TX)  using  Cu 
Ka  radiation  (A  =  1.54nm).  Measurements  were  obtained  using  a 
scanning  step  of  0.05°  and  dwell  time  of  2  s  per  step. 

Inductively  coupled  plasma  mass  spectrometry  was  used  to 
evaluate  leaching  of  zinc  from  the  membrane  surface.  GIBCO® 
Dulbecco’s  Modified  Eagle  Media  (DMEM)  with  L-glutamine  (Invit- 
rogen,  Carlsbad,  CA)  was  used  as  a  simulated  body  fluid  [33].  Media 
was  supplemented  with  HyClone  fetal  bovine  serum  (Thermo  Sci¬ 
entific,  Rockford,  IL).  The  final  concentration  of  fetal  bovine  serum 
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Fig.  1.  Scanning  electron  microscopy  images  obtained  from  a  20  nm  pore  size  nanoporous  alumina  membrane  following  deposition  of  an  eight  nanometer- thick  zinc  oxide 
coating.  Micrographs  obtained  from  (a)  the  large  pore  side,  (b)  the  middle  of  the  pore,  and  (c)  the  small  pore  side  of  a  cleaved  specimen  show  a  continuous  zinc  oxide  coating. 
Plan-view  scanning  electron  micrographs  obtained  from  (d)  the  large  pore  side  of  the  membrane  and  (e)  the  small  pore  side  of  the  membrane  also  show  a  continuous  zinc 
oxide  coating. 


in  the  media  was  10%.  Membranes  were  completely  immersed  in 
1  mL  of  fluid  and  incubated  at  37  °C  in  an  atmosphere  containing 
5%  CO2  to  better  simulate  an  in  vivo  environment.  A  total  of 
12  different  membranes,  3  zinc  oxide-coated  membranes  and 
3  uncoated  membranes  for  both  20  nm  and  lOOnm  pore  sizes, 
were  used  to  collect  extracts.  Three  wells  that  contained  media 
but  did  not  contain  membranes  served  as  control  extracts.  A 
Model  820  inductively  coupled  plasma  mass  spectrometer  (Varian, 
Salt  Lake  City,  UT)  was  used  for  all  elemental  analysis  mea¬ 
surements.  The  source  has  a  MicroMist  nebulizer  (maximum 
flow  rate  =  0.4  mL/min),  which  was  used  for  sample  introduc¬ 
tion  into  the  plasma.  Standard  plasma  conditions  (power  =  1.4  kW, 
plasma  flow  =  18.00  L/min,  auxiliary  flow  =  1.80  L/min,  sheath  gas 
flow  =  0.1 8  L/min,  sampling  depth  =  7.5  mm)  were  used  in  this 
study.  All  of  the  solutions  were  prepared  using  18  M^  de-ionized 
water  (lab  supply)  and  trace  metal  grade  nitric  acid  (Thermo  Fisher 
Scientific,  Waltham,  NA).  Instrument  conditions  were  optimized 
using  the  auto-optimization  feature  of  the  instrument.  Samples 
were  introduced  while  peristaltic  pump  was  operated  at  3  rpm.  The 
spray  chamber  was  cooled  to  3  °C.  Standards  were  prepared  using 
inductively  coupled  plasma  standards  that  were  purchased  from 
a  commercial  source  (Inorganic  Ventures,  Christiansburg,  VA).  In 


all  of  the  measurements,  a  5  ppb  solution  of  indium  was  used  as 
an  internal  standard  and  mixed  online  with  each  sample  through 
a  tee.  Isotopes  (e.g.,  66Zn  and  115In)  were  evaluated  in  a  peak  hop¬ 
ping  mode;  a  dwell  time  of  50,000  [xs  was  used  and  five  replicates 
of  an  average  of  twenty  data  points  were  measured.  The  standard 
curve  included  at  least  eight  concentration  levels  in  the  quantifi¬ 
cation  range.  The  standard  data  set  was  fitted  to  a  linear  curve. 
The  coefficient  of  correlation  was  0.99.  Percent  errors  in  calculated 
concentrations  were  15%  or  lower. 

Microbial  growth  on  zinc  oxide-coated  nanoporous  alumina 
membranes  and  uncoated  nanoporous  alumina  membranes  was 
determined  using  the  agar  plating  method.  The  agar  diffusion 
assay  protocol  used  in  this  study  is  similar  to  one  that  is  out¬ 
lined  by  the  National  Committee  for  Clinical  Laboratory  Standards. 
This  approach  is  appropriate  for  assessing  growth  of  common 
microorganisms,  including  rapidly  growing  microorganisms  [34]. 
The  agar  diffusion  assay  protocol  provides  qualitative  data  regard¬ 
ing  the  susceptibility  of  a  given  microorganism  to  an  antimicrobial 
agent.  Tryptic  soy  broth,  Luria-Bertani  broth,  brain  heart  infusion 
broth,  Mueller  Hinton  agar,  yeast  nitrogen  base,  dextrose,  agar  and 
phosphate-buffered  saline  ( 1 0  x )  were  obtained  from  a  commercial 
source  (VWR  International,  West  Chester,  PA).  Phosphate-buffered 
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Fig.  2.  Scanning  electron  microscopy  images  obtained  from  a  100  nm  pore  size  nanoporous  alumina  membrane  following  deposition  of  an  eight  nanometer-thick  zinc  oxide 
coating.  Micrographs  obtained  from  (a)  the  large  pore  side,  (b)  the  middle  of  the  pore,  and  (c)  the  small  pore  side  of  a  cleaved  specimen  show  a  continuous  zinc  oxide  coating. 
Plan-view  scanning  electron  micrographs  obtained  from  (d)  the  large  pore  side  of  the  membrane  and  (e)  the  small  pore  side  of  the  membrane  also  show  a  continuous  zinc 
oxide  coating. 


saline  (lx)  was  prepared  in  deionized  water.  Cultures  of  E.  coli  ATCC 
12435,  E.faecalis  ATCC  29212,  B.  subtilis  ATCC  6051,  P.  aeruginosa 
ATCC  15442,  5.  aureus  ATCC  6538,  and  S.  epidermidis  ATCC  35984 
were  obtained  from  a  commercial  source  (American  Type  Cul¬ 
ture  Collection,  Manassas,  VA).  Overnight  cultures  of  E.  coli  in 
Luria-Bertani  broth,  E.  faecalis  in  brain  heart  infusion  broth,  B. 
subtilis  in  tryptic  soy  broth,  P.  aeruginosa  in  tryptic  soy  broth,  S. 
epidermidis  in  tryptic  soy  broth,  S.  aureus  in  tryptic  soy  broth,  and 
C.  albicans  in  yeast  nitrogen  base  +  100  mM  dextrose  were  pelleted 
via  centrifugation  (4500  rpm)  for  1 0  min.  These  solutions  were  sub¬ 
sequently  resuspended  in  phosphate-buffered  saline  (1  x)  in  order 
to  obtain  a  final  cell  density  of  approximately  108  cells/mL.  Ster¬ 
ile  swabs  were  used  to  inoculate  lawns  of  the  bacterial  strains 
on  Mueller  Hinton  agar  plates  and  to  inoculate  lawns  of  C.  albi¬ 
cans  on  yeast  nitrogen  base  +  dextrose  plates.  Zinc  oxide-coated 
nanoporous  alumina  membranes  and  uncoated  nanoporous  alu¬ 
mina  membranes  were  then  placed  on  the  inoculated  agar  plates. 
The  plates  were  incubated  for  24  h  at  37  °C.  Zones  of  growth  inhi¬ 
bition  were  visually  evaluated  from  digital  images,  which  were 
obtained  after  24  h  of  incubation.  Growth  inhibition  on  the  agar 


in  direct  contact  with  the  membrane  surfaces  was  evaluated  by 
removing  each  membrane  and  visually  inspecting  the  agar. 

Figs.  1  and  2  show  scanning  electron  microscopy  images 
obtained  from  a  20  nm  pore  size  nanoporous  alumina  mem¬ 
brane  and  a  lOOnm  pore  size  nanoporous  alumina  membrane 
following  deposition  of  an  eight  nanometer-thick  zinc  oxide  coat¬ 
ing,  respectively.  Plan-view  scanning  electron  micrographs  of  the 
large  pore  sides  (Figs.  1(d)  and  2(d))  and  the  small  pore  sides 
(Figs.  1(e)  and  2(e))  of  the  zinc  oxide-coated  nanoporous  alumina 
membranes  show  that  these  materials  exhibited  monodisperse 
pore  sizes  and  high  porosities.  Images  of  the  pores  within  the  zinc 
oxide-coated  nanoporous  alumina  membranes  were  acquired  from 
cleaved  specimens  (Figs.  l(a)-(c)  and  2(a)-(c)).  Images  obtained 
from  the  large  pore  side,  the  middle  of  the  pore,  and  the  small  pore 
side  of  the  cleaved  20  nm  pore  size  nanoporous  alumina  membrane 
and  the  cleaved  lOOnm  pore  size  nanoporous  alumina  membrane 
show  continuous  coatings  of  zinc  oxide  nanocrystals.  These  images 
also  indicate  that  the  pore  dimensions  are  not  completely  uni¬ 
form;  some  pore  branching  was  observed.  Branching  of  the  pores 
has  been  previously  noted  in  the  as-received  membrane  [35,36]. 
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Fig.  3.  X-ray  diffraction  patterns  for  zinc  oxide-coated  nanoporous  alumina  membranes.  Pattern  (a)  shown  as  a  red  line,  corresponds  to  data  from  a  lOOnm  pore  size 
nanoporous  alumina  membrane  following  deposition  of  an  eight  nanometer-thick  zinc  oxide  coating.  Pattern  (b)  shown  as  a  blue  line,  corresponds  to  data  from  a  20  nm  pore 
size  nanoporous  alumina  membrane  following  deposition  of  an  eight  nanometer-thick  zinc  oxide  coating.  (For  interpretation  of  the  references  to  color  in  this  figure  legend 
and  text,  the  reader  is  referred  to  the  web  version  of  this  article.) 


In  addition,  energy  dispersive  X-ray  analysis  performed  at  the 
large  pore  side,  the  middle  of  the  pore,  and  the  small  pore  side 
of  the  cleaved  specimens  demonstrated  the  presence  of  zinc  oxide 
throughout  the  pore. 

Fig.  3  contains  X-ray  diffraction  patterns  for  zinc  oxide-coated 
nanoporous  alumina  membranes.  Pattern  (a),  shown  as  a  red  line, 
corresponds  to  data  from  a  20  nm  pore  size  nanoporous  alumina 
membrane  following  deposition  of  an  eight  nanometer-thick  zinc 
oxide  coating.  Pattern  (b),  shown  as  a  blue  line,  corresponds  to  data 
from  a  lOOnm  pore  size  nanoporous  alumina  membrane  follow¬ 
ing  deposition  of  an  eight  nanometer-thick  zinc  oxide  coating.  The 
sharp  peaks  in  this  figure  corresponded  with  the  expected  posi¬ 
tions  for  polycrystalline  zinc  oxide  and  zinc.  The  peak  located  at 
20  of  31.66°  corresponded  with  ZnO  (10  0).  The  broad  peak  corre¬ 
sponded  with  the  nanoporous  alumina  membrane  [37].  As  noted 
by  Yoshino  et  al.,  Fang  et  al.,  and  Fang  et  al.,  the  crystallinity  of  zinc 
oxide  on  nanoporous  alumina  membranes  is  affected  by  surface 
morphology;  as  such,  it  is  disordered  near  the  zinc  oxide/alumina 
interface  [38-40].  The  crystalline  size  was  calculated  using  the 
Scherer  equation  (D  =  O.89A,/tt/3cos0);  in  this  equation,  0  is  the 
diffraction  angle,  A  is  the  X-ray  wavelength,  is  the  full  width  at 
half  maximum  (FWFIM)  of  the  diffraction  peak,  and  D  is  the  crys¬ 
tal  size  [41].  The  crystalline  size  of  the  zinc  oxide-coated  lOOnm 
pore  size  nanoporous  alumina  membrane  and  the  20  nm  pore  size 
nanoporous  alumina  membrane  were  shown  to  be  3.3  nm  and 
5.0  nm,  respectively.  A  metallic  zinc  phase  was  observed  in  the 
zinc  coated-nanoporous  alumina  membranes.  Previous  work  by 
Libera  et  al.  has  indicated  that  this  zinc  phase  forms  through  ther¬ 
mal  decomposition  of  excess  diethyl  zinc  at  temperatures  greater 
than  1 50  °C  [42].  Formation  of  this  phase  is  dependent  on  the  pres¬ 
ence  of  excess  diethyl  zinc  and  occurs  after  saturation  of  atomic 
layer  deposition  surface  reactions.  The  broad  hump  between  0  =  20° 
and  0  =  40°  is  attributed  to  the  amorphous  structure  of  the  alumina 
membrane  [43]. 

Both  20 nm  and  lOOnm  membranes  released  similar  amounts 
of  zinc  ions  or  particulates  into  the  surrounding  fluid.  Extracts  from 
the  zinc  oxide-coated  20  nm  pore  size  nanoporous  alumina  mem¬ 
branes  and  the  zinc  oxide-coated  lOOnm  pore  size  nanoporous 
alumina  membranes  contained  similar  zinc  concentrations  of 
91.3  ±3.6  and  92.9  ±4.6  [xg/mL,  respectively.  Trace  amounts  of 
zinc  were  detected  in  media  and  in  uncoated  membrane  controls; 
this  result  was  expected  since  zinc  is  an  essential  element  in  cell 


culture  medium.  Degen  and  Kosec  noted  that  immersion  of  zinc 
oxide  in  water  results  in  the  surface  of  the  oxide  being  hydrolyzed 
and  a  hydroxide  layer  being  formed.  This  surface  hydroxide 
(Zn(OFI)2(s))  is  in  equilibrium  with  Zn2+(aq),  Zn(OH)+(aq),  and 
Zn(OH)2(aq)  over  pH  values  between  6  and  8  at  a  temperature  of 
25  °C  [44]. 

Fig.  4  contains  light  microscopy  images  of  agar  plating  assay 
results  after  24  h  of  incubation  for  zinc  oxide-coated  nanoporous 
alumina  membranes  and  uncoated  nanoporous  alumina  mem¬ 
branes.  Agar  plating  assay  results  for  zinc  oxide-coated  nanoporous 
alumina  membranes  with  20  nm  pore  sizes  and  100  nm  pore  sizes 
against  a  given  microorganism  were  similar;  in  addition,  agar  plat¬ 
ing  assay  results  for  uncoated  nanoporous  alumina  membranes 
with  20 nm  pore  sizes  and  lOOnm  pore  sizes  against  a  given 
microorganism  were  similar.  It  is  clear  from  these  images  that  the 
zinc  oxide-coated  nanoporous  alumina  membranes  were  highly 
effective  toward  S.  aureus ,  S.  epidermidis  and  B.  subtilis ;  large  zones 
of  growth  inhibition  for  all  three  bacteria  were  observed.  Zones  of 
growth  inhibition  were  not  observed  for  the  other  tested  microor¬ 
ganisms.  Inhibition  of  E.  coli  growth  was  evident  on  the  agar  surface 
that  was  in  direct  contact  with  the  zinc  oxide-coated  nanoporous 
alumina  membranes.  For  P.  aeruginosa ,  E.  faecalis  and  C.  albicans , 
microbial  growth  was  observed  on  agar  surface  that  was  in  direct 
contact  with  the  zinc  oxide-coated  nanoporous  alumina  mem¬ 
branes.  Zones  of  growth  inhibition  were  not  observed  for  the 
uncoated  nanoporous  alumina  membranes  in  all  cases.  Further¬ 
more,  microbial  growth  was  observed  on  agar  surfaces  that  were  in 
direct  contact  with  the  uncoated  nanoporous  alumina  membranes 
for  all  of  the  organisms.  These  results  suggest  that  the  zinc  oxide- 
coated  nanoporous  alumina  membranes  are  more  effective  toward 
Gram-positive  bacteria  than  Gram-negative  bacteria;  in  addition, 
zinc  oxide-coated  nanoporous  alumina  membranes  are  essentially 
ineffective  toward  yeast.  Previous  work  by  Sawai  et  al.  also  noted 
that  zinc  oxide  exhibits  stronger  activity  against  Gram-positive 
bacteria  than  Gram-negative  bacteria  [45]. 

The  results  of  this  study  suggest  that  zinc  oxide-coated 
nanoporous  alumina  membranes  have  activity  against  some 
microorganisms  that  are  observed  on  the  surface  of  the  skin.  The 
zinc  oxide-coated  membranes  showed  activity  against  B.  subtilis , 
E.  coli,  S.  aureus,  and  S.  epidermidis  in  agar  diffusion  assays.  On 
the  other  hand,  the  zinc  oxide-coated  membranes  did  not  show 
activity  against  P.  aeruginosa,  E.  faecalis,  and  C.  albicans.  There  are 
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Fig.  4.  Light  microscopy  images  of  agar  plating  assay  results  after  24  h  of  incubation  for  zinc  oxide-coated  nanoporous  alumina  membranes  and  uncoated  nanoporous 
alumina  membranes.  Images  (a)  and  (b)  show  uncoated  and  zinc  oxide-coated  nanoporous  alumina  membranes  with  (a)  20  nm  pore  sizes  and  (b)  lOOnm  pore  sizes  that 
were  examined  against  Bacillus  subtilis.  Images  (c)  and  (d)  show  uncoated  and  zinc  oxide-coated  nanoporous  alumina  membranes  with  (c)  20  nm  pore  sizes  and  (d)  100  nm 
pore  sizes  that  were  examined  against  Candida  albicans.  Images  (e)  and  (f)  show  uncoated  and  zinc  oxide-coated  nanoporous  alumina  membranes  with  (e)  20  nm  pore  sizes 
and  (f)  100  nm  pore  sizes  that  were  examined  against  Enterococcus  faecalis.  Images  (g)  and  (h)  show  uncoated  and  zinc  oxide-coated  nanoporous  alumina  membranes  with 
(g)  20 nm  pore  sizes  and  (h)  lOOnm  pore  sizes  that  were  examined  against  Escherichia  coli.  Images  (i)  and  (j)  show  uncoated  and  zinc  oxide-coated  nanoporous  alumina 
membranes  with  (i)  20  nm  pore  sizes  and  (j)  100  nm  pore  sizes  that  were  examined  against  Pseudomonas  aeruginosa.  Images  (k)  and  (1)  show  uncoated  and  zinc  oxide-coated 
nanoporous  alumina  membranes  with  (k)  20 nm  pore  sizes  and  (1)  lOOnm  pore  sizes  that  were  examined  against  Staphylococcus  aureus.  Images  (m)  and  (n)  show  uncoated 
and  zinc  oxide-coated  nanoporous  alumina  membranes  with  (m)  20  pore  sizes  nm  and  (n)  100  nm  pore  sizes  that  were  examined  against  Staphylococcus  epidermidis. 


several  potential  dermatologic  applications  for  zinc  oxide-coated 
nanoporous  alumina  membranes,  including  use  in  tissue  coverage 
and/or  cell  transplantation  at  burn  sites  [2]. 
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